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ABSTRACT 

* 

High  quality  infrared  spectra  of  the  radical  ions  of 
ben zophe none  *  anthracene  and  tetracyanoethy lene  were  recorded 
during  electrolysis  of  the  substrates  at  a  platinum  electrode 
using  reflectance  techniques  in  a  Fourier  transform  infrared 
spectrometer.  Evidence  of  adsorption  of  benzopfcenone  was 
indicated,  whereas  simple  ion  spectra  ware  observed  for 
anthracene  and  tetracyanoethy lens.  Versatility  of  tha  technique 
is  discussed. 
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The  investigation  of  heterogeneous  and  homogeneous  electrode 
processes  by  infrared  coupled  spectroelecttochemical  technique*  ^ 

has  been  reported.  Thus  work  on  the  electrosorption  of  methanol 
on  platinum  electrodes  (1),  ausorbeo  hydrogen  on  platinum  (2,1), 
studies  of  the  platinum-acetonitrile  interface,  (4)  adsorption  of 
acrylonitrile  (b),  and  changes  in  the  water  structure  at  metal 
electrodes  (1,4)  has  been  completed. 

The  use  of  Fourier  transform  infrared  spectrometers  has 
proven  to  be  s  convenient  rapid  method  tor  obtaining  infrared 
spectral  differences  between  two  polarisation  potentials  at  an 
electrode  interface  (4).  Me  report  here  the  ease  with  which  the 
vibrational  spectra  of  free  radical  ions  may  be  observed  using 
this  technique.  Traditionally,  it  has  been  rather  difficult  to 
obtain  free  radical  ion  spectra  m  the  infrared  region  for 

obvious  reasons  of  sample  handling  and  the  la rye  Ik  absorptions  , 

of  the  common  solvents  used  when  generating  ion  radicals. 

Conventional  techniques  used  to  observe  such  spectra  include  co- 

condensation  of  the  parent  molecule  ana  alkali  metal  atoms  onto 

infrsred  transparent  windows  (7),  examination  ot  mulls  of 

•  i 
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1.  B.  Beden,  A.  Bewick.  K.  Kunimatsu,  and  C.  Lamy ,  J. 
tlectroanal.  Chem. ,  121 .  (1*«1>  241. 

2.  A.  Bewick,  K.  Kunimatsu,  J.  kobinson,  and  J.  Russell,  J. 
tlectroanal.  Chem.  1  Is  (1**1)  17b.  A.  Bewick  and  J.M. 
Russell.  J.  tlectroanal.  Chem.  1 12  11**2)  21b. 

1.  A.  Bewick  and  K.  Kunimatsu,  bur  face  Science  lul  (1**0)  111. 
4.  T.  bavidson,  Stanley  pons,  A.  Bewick,  and  P.P.  schmidt,  J. 

tlectroanal.  Chem.  1 2b  (1*«1)  217. 
b.  A.  Bewick  and  C.  tiibl  laro,  in  preparation. 

4.  A.  Bewick  and  J.M.  Russell,  in  preparation, 

7.  See  tor  example  J.  Stanley,  l>.  smith,  s.  Latimer ,  and  J.p. 

bevlin,  J.  Phys.  Chem.  70  (1**41  2011. 

I.  See  tor  example  A.  Liilanoo,  R.  boaio,  and  c.  Pec  lie,  them. 
Phys. 


\  ' 


prepared  salts  ot  stable  radical  ions  (M ) ,  and  crossed  mulecular 
beam  co-condensation  techniques  (B-li).  It  the  radicals  <.t 
interest  can  be  generated  electrochemically,  then  it  is  likely, 
using  the  technique  described  herein,  that  their  infrared  spectra 
may  be  recorded  with  minimal  experimental  at  tort.  The 
traditional  problem  of  strong  solvent  absorption  is  minimised  by 
using  reasonably  thin  layers  ot  solution  and  efficient  software 
subtraction  routines  available  with  most  commercial  PT1R 
instruments. 


LkPLRlWLMTAL 

FT1 H  spectroscopy  and  electrochemical  Generation  ot  Ions 

Spectra  were  recorded  on  a  Nicolet  71**  Fourier  transform 
infrared  spectrometer  with  a  type  A  mercury-cadmium- tel lurid# 
solid  state  77*K  cooled  detector*  Light  was  polarised  by  a 
Cambridge  optical  polarixer  mounted  before  the  cell.  Potential 
programs  were  generated  at  the  electrode  by  a  BI-TEH  UT2ldl 
potent lostat  and  PPR1  waveform  generator.  The  spectra  were  taken 
after  near  steady  state  conditions  had  been  reached  at  the 
appropriate  potential.  Synchronisation  between  the  application 
of  the  potential  step  and  the  beginning  of  the  spectral  data 
collection  was  made  by  tapping  the  TTL  signal  accompanying  the 
beginning  of  data  collection  at  the  Nicolet  A/U  converter  and 
applying  the  signal  to  a  741*0  down  counter.  Thus  the  waveform 


*.  p.c.  Li,  J.P.  bevlin,  and  H.A.  Pohl,  J.  Phys.  Chem.  _?£ 
(1*72)  102*. 

10.  J.c.  Nuuiv,  U.  Smith,  V.  Vouhne,  and  J.P.  Devlin,  J.  Phys. 
Chem.  7b  1 1*71)  J2b. 

11.  J.J.  Hunxel  and  J.P.  bevlin,  J.  Chew.  Phys*  bs_  (1*7 J)  4?bd. 


9*Mr«tur  could  be  triqqered  at  chosen  sweep  increments.  Further 
details  are  given  elsewhere  (12). 

Solvents  and  Chemical*  j 

Acetonitrile  (Caledon  HPLC  grade,  0.003%  water)  was  used  I 

without  further  purification.  Benzophenone  (Aldrich)  was  vacuum  j 

sublimed  twice  before  use.  Anthracene  (Aldrich)  was  used  as  j 

received,  and  tetracyanoethylene  was  recrystal 1 ixed  twice  from  j 

chlorobenzene.  All  solutions  were  degassed  with  argon  before  j 

use.  I 

I 

Tetrabutyl ammonium  tetrat luoroborate  (TBAF )  (13)  was  the  f 

supporting  electrolyte  used  in  all  solutions.  j 

I 

Cells,  mounts  and  Electrodes  I 

The  details  of  th*  cells  and  associated  mountings  have  been 
described  elsewhere  (12).  In  these  experiments  a  polished 
platinum  mirror  electrode  was  used,  and  the  reference  electrode  ! 

was  Ag/Ag4  (0.01  N.  in  0.10  IN  tetrabuty  1  ammonium  , 

tetraf  luoroborate ). 

HESULTS 

The  differential  reflectance  FT I A  spectrum  of  a  lu  mn 

t 

solution  of  benzophenone  In  acetonitrile  (0.1  II  TBAf)  at  a 
platinum  mirror  electrode  is  shown  in  Figure  lb.  The  potential 

limits  wars  -1.7%  V  and  ~2.*0  V  vs  the  Ag/Ag4  reference.  The  1 

i 

) 

12.  A.  Bewick,  K.  Kunlmatsu.  S.  Pons,  and  J.  hussell.  Anal. 

Cbca.,  submitted. 

13.  h.  Lund  and  P.  Iverson  In  N.  Baizer,  e«J . ,  "organic 
Electiochemistry",  Marcel  Uekker,  Mew  York,  IV7). 


light  was  polarised  such  that  the  plane  of  the  electric  field 
vector  was  perpendicular  to  the  surface  of-  the  electrode  Ip- 
polar  ixed  with  respect  to  the  plane  of  incidence).  The  thickness 
of  the  solution  layer  was  1.0  microns.  The  corresponding 
transmission  spectrum  of  benzophenone  in  the  same  cell 
arrangement  is  shown  in  Figure  Is.  As  will  be  discussed  later, 
bands  extending  downward  (Figure  lb)  correspond  to  increased 
absorbance  at  the  higher  potential  (-2.75  V),  while  peaks 
extending  upward  correspond  to  decreased  absorbance  at  the  nigher 
potential.  Thus  the  downward  extending  bands  correspond  to 
absorbance  due  to  the  anion  radical,  while  the  upward  extending 
bands  correspond  to  disappearance  of  the  substrate  benzophenone 
as  it  is  reduced  to  form  the  anion  radical,  table  1  liats 
absorbance  bands  observed  and  compares  them  with  literature 
values,  blight  differences  in  wavenumber  is  attributed  to 
solvent  effects  (th*  literature  values  were  determined  in  carbon 
tetrachloride  (benzophenone )  and  tetrahydrofuran  (benzophenone 
ketyl  anion  radical)).  There  is  a  very  good  correlation  between 
this  work  and  reported  valuea,  except  for  the  weakest  bands.  No 
attempt  was  made  to  enhance  the  signal  to  noise  by  further  signal 
averaging.  The  reported  spectra  were  the  everage  of  4tt  scans 
(about  S  minutes). 

The  band  at  1444  cm'*  in  Fiqurs  lb  has  not  been  previously 
reported  for  the  benzophenone  ketyl  anion  radical.  If  th* 
solution  thickness  is  increased  to  2U0  microns,  and  th* 
benzophenone  in  th*  thin  layer  of  solution  ,is  90%  reduced  to  th* 
ketyl  structure,  the  difference  spectrum  has  a  greatly  enhanced 
intensity  and  it  Is  not  possible  to  detect  th*  band  at  1444 


I  • 
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c*- ^ .  The  1444  cm-*  bond  is  also  dLbtnt  trout  the  s^eccrun  it  the 
light  polarisation  is  changed  by  VO*  to  the  s-polanzed  torn.  A 
comparison  ot  the  p-polanzed  spectrum  with  an  s-polacized 
spectrum  is  shown  in  Figure  2,  Me  note  changes  in  bandwidth*  and 
intensities  ot  the  bands  as  a  function  of  polarisation*  and 
wavelength. 

Figures  3a  and  3b  show  the  spectrua  ot  anthracene  and  the 
difte.ence  spectrua  of  anthracene  between  -1.5  V  and  -2.5  V 
respectively.  The  light  was  p-polarized  and  the  solution 
thickness  was  14  microns.  The  solvent  and  other  paraaeLers  were 
the  same  as  noted  above  tor  bensophenone. 

Figure  4a  and  4b  show  the  results  tor  the  tetracyanoethylene 
(TU4E)  system.  The  modulation  region  was  ♦0.25  V  to  -0.25  V. 

The  solution  thickness  waa  17  microns. 

DISCUSSION 

Care  must  be  taken  when  interpreting  difference  spectra,  in 
Figures  3  and  4*  where  the  extinction  coefficients  of  the 
products  (the  anion  radicals  of  anthracene  and 
tetracyanoethylene)  are  apparently  much  greater  than  the 
reactants  (11)  then  the  results  are  quite  straightforward.  The 
resulting  difference  spectra  closely  resemble  pure  absorption 
spectre  ot  the  species  forced  at  the  more  negative  potential,  in 
spectra  where  the  extinction  coefficient  of  reactant  and  product 
are  about  the  same  (Figure  1),  the  spectra  may  be  more  complex, 
k  discussion  ot  these  effects  has  been  made  previously  (12). 

There  are  several  considerations  that  need  to  be  made  when 
interpreting  the  results  oi  experiments  that  use  polar ixeu  light 


tor  reflection  studies  at  xat«;  interlaces.  first*  s-polanseU 
light  has  an  almost  zero  electric  field  intensity  at  the  surface 
of  the  metal  especially  at  Ik  wavelength,  anu  therefore  cannot 
interact  with  dipole  oscillators  ot  *ny  orientation  that  might 
exist  at  that  surface,  i.e.  s-polanzed  radiation  is  'blind*  to 
adsorbed  species.  Second,  p- polarized  light  will  interact  with 
dipole  oscillators  encountered  in  solution,  and  also  dipole 
oscillators  at  the  metal  surface  oriented  such  that  tl»e  dipole 
derivative  with  respect  to  the  normal  coordinate,  (#*>/*w),  has  a 
non-zero  component  perpendicular  to  the  electrode  surface,  i.e. 
p-polar ised  radiation  sees  adsorbed  species  but  the  absorption 
bands  observed  depend  upon  the  orientation  of  the  molecule  (4). 
Third,  for  s-polar ised  light,  the  spectra  observed  may  possess 
features  Irons  (a)  absorption  by  species  present  in  the  bulk 
solution  as  the  Ik  beam  Is  ttansmitted  through  it,  reflected  off 
the  electrode,  and  transmitted  back  through  the  solution  again j, 
(b)  internal  reflectance  absorption  at  the  interface  between  the 
inner  face  of  the  window  and  the  bulk  solution.  This  latter 
affect  is  rather  complex  anu  can  lead  to  severe  distortion  ot  the 
normal  spectra.  Many  examples  of  this  phenomenon  have  been 
reported  (14),  and  it  is  apparent  that  tor  the  purposes  herein, 
it  is  very  difficult  to  obtain  quantitative  data  from  spectra 
obtained  with  s-polarited  light. 

Thus  there  are  two  simple  ways  in  which  to  distinguish 
between  the  spectre  ot  intermediates  that  are  adsorbed  at  the 


14.  bee  tor  example  fc.J.  Harriet,  ‘internal  Met  lection 
Spectroscopy”,  Inter science,  New  York,  1*47. 
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electrode  «ur(«c«  and  free  in  the  thin  layer  of  solution.  Ti.e  j 

foratr  will  give  bands  only  with  p-poiac ixed  radiation,  whereas  ' 

the  latter  will  show  no  partiality  towards  either  polarisation  f 

state.  The  other  test  is  the  comparison  between  the  spectra  | 

obtained  for  following  the  generation  of  smaller  quantities  of 
intermediate  and  m.-cti  larger  amounts.  The  former  will  have 

« 

significant  contributions  from  both  adsorbed  and  non -adsorbed  , 

species,  while  the  latter  will  show  bands  of  greatly  increased  j 

intensity  tor  the  non -adsorbed  species  with  little  or  no  Increase  | 

in  the  bands  from  the  adsorbed  state.  It  is  also  important  to 
note  that.  In  general,  only  some  of  the  bands  from  an  adsorbed  j 

species  will  bo  expected  at  the  same  frequency  as  those  of  the  j 

corresponding  non- ado r bed  species j  others  will  be  shifted  due  to 
the  perturbation  in  structure  and  bonding  a c com pa  .ying  the 
Interaction  with  the  atoms  in  the  metallic  sue  e.  In  the  case  | 

of  bensopheno***  *  these  effects  are  observe  and  it  is  clear  j 

that  the  anion  radical  is  present  in  both  the  adsorbed  and  the  1 

non -ad*  or  bed  state.  Two  new  bands,  a  strong  absorption  at  14M  j 

cm*1  and  a  weaker  absorption  at  134H  cm**,  are  observed  for  the  | 

adsorbed  anion  radical.  The  former  is  alstost  certainly  the  ( 

carbonyl  stretch  of  the  adsorbed  species  (shifted  from  ISbJ  cm*1)  j 

and  the  latter  is  at  the  position  eapected  for  the  combination  • 

band  from  the  carbonyl  stretch  and  the  symsetrlcal  stretch  of  the 
aromatic  ring  lib).  It  is  to  be  concluded,  therefore,  that  the 
anion  radical  on  the  electrode  surface  la  adsorbed  via  the 
carbonyl  group,  as  would  be  eapected.  Voltaametric  measurements 
using  a  Pt  electrode  also  support  the  conclusion  that  adsorbed 
anion  radical  is  present. 


The  differential  reflectance  spectrum  recorded  during  the 

y*- 

reduction  of  tetracyanoethylene  (TCNE)*ln  acetonitrile  at  a 
platinum  electrode  is  shown  In  Figure  ..  The  positive  bands  due 
to  disappearance  of  the  TCNC  substrate  at  the  more  negative 
potential  are  not  viaible.  This  is  because  the  sensitivity  of 
the  transmission  scale  has  been  decreased  to  accommodate  the  full 
amplitude  of  the  bands  at  21s?  cm*1  *nd  214M  cm*1.  The  band  at 
2146  cm*1  is  almost  10*  times  larger  than  is  predicted  from  a 
simple  Beer’s  law  calculation  for  the  total  amount  of  TCNt  anion 
that  has  been  found  during  the  potential  step.  The  weaker  band 
at  2167  cm*1  corresponds  closely  to  an  assignment  made  by  Devlin 
et  al  to  the  -CiN  stretch  which  has  been  charge  transfer  enhanced 
by  formation  of  a  complex  between  the  anion  radical  and  a  surface 
platinum  atom.  The  stronger  band  increases  markedly  with  an 
increase  in  the  cell  thin  layer  gap,  and  la  therefore  due  to 
solution  free  -CiN  fundamental  stretch,  enhanced  most  likely  by 
the  formation  of  an  electron  donor -acceptor  complex  between  the 
anion  radical  and  neutral  TCNE.  This  point  will  be  the  subject 
of  a  forthcoming  paper. 

COHCLUSIOH8 

The  technique  described  is  a  very  powerful  new  method  for 
the  rapid  recording  of  the  spectra  ot  radical  ion  and  other 
intermediates.  The  method  is  capable  of  detecting  spectra  from 
short-lived  species  that  could  not  otherwise  be  obtained.  Modern 
rrm  techniques  include  time  resolved  modes  which  will  enable 
kinetic  and  mechanistic  information  to  be  obtained  for  unstable 
Intermediates.  Thla  will  be  the  subject  of  a  forthcoming  report. 
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